Abstract. While the LHC did not observe direct evidence for physics beyond the standard model, indirect hints for new physics were uncovered in the flavour sector in the decays
Introduction
The LHC completed the standard model (SM) of particle physics by discovering the Higgs particle while no additional new particles have been observed so far. However, some indirect 'hints' for new physics (NP) in the flavor sector appeared in B → K * µ + µ − , B s → φµ + µ − , R(K) = B → Kµ + µ − /B → Ke + e − , B → D ( * ) τν and h → µτ.
Let us consider the current experimental and theoretical situation is some more detail. Concerning b → sµ + µ − transitions, already in 2013 LHCb reported deviations from the SM predictions [1] (mainly in an angular observable called P 5 [2] ) in B → K * µ + µ − [3] with a significance of 2-3 σ depending on the assumptions of hadronic uncertainties [4] [5] [6] being confirmed in 2015 [7] . Also in the decay B s → φµ + µ − [8] LHCb uncovered differences compared to the SM prediction from lattice QCD [9, 10] of 3.5 σ [5] . Furthermore, in 2014 LHCb [11] found indications for the violation of lepton flavour universality in
Br[B → Ke + e − ] = 0.745
+0.090
−0.074 ± 0.036 , (1) in the range 1 GeV 2 < q 2 < 6 GeV 2 which disagrees with the theoretically clean SM prediction R SM K = 1.0003 ± 0.0001 [12] by 2.6 σ. Combining these with other b → s observables, it is found that NP is preferred compared to the SM by 4 − 5 σ [13, 14] . Symmetry based solutions include NP in C Hints for lepton flavour universality violating NP in B decays were observed for the first time by the BaBar collaboration in B → D ( * ) τν [15] in 2012. Recently, these measurements have been confirmed by BELLE [16] and LHCb measured B → D * τν [17] . In summary, these experiments found for the ratios R(D ( * ) ) ≡ Br(B → D ( * ) τν)/Br(B → D ( * ) ν) [18] :
R(D) EXP = 0.391 ± 0.041 ± 0.028 ,
R(D * ) EXP = 0.322 ± 0.018 ± 0.012 .
Comparing these measurements to the SM predictions [19] R SM (D) = 0.297 ± 0.017, R SM (D * ) = 0.252 ± 0.003, we see that there is a combined discrepancy of 3.9 σ [18] .
CMS recently also searched for the decay h → τµ [20] finding a non-zero result of Br[h → µτ] = 0.89 +0.40 −0.37 which disagrees by about 2.4 σ from 0, i.e. from the SM value. This is consistent with the less precise ATLAS measurement [21] giving a combined significance of 2.6 σ.
In these proceedings, we review NP models which can explain the deviations from the SM discussed above with focus on models with a Z boson and/or additional Higgs doublets and also briefly mention models with leptoquarks.
Tauonic B Decays
Due to the heavy tau lepton in the final state, these decays are sensitive to charged Higgses [24] . A 2HDM of type II (like the MSSM at tree-level) cannot explain the deviations from the SM in tauonic B decays (due to the necessarily destructive interference) without violating bounds from other observables [25] (see left plot in Fig. 1 
Note that no region in parameter space is compatible with all processes since explaining B → D * τν would require very small Higgs masses and large values of tan β which is not compatible with the other observables. To obtain this plot, we added the theoretical uncertainty of the SM linearly on the top of the 2 σ experimental error. Right: Allowed regions in the tan β-v/m τ 33 plane from R(D ( * ) ) and τ → µνν at the 2 σ level in the perturebed 2HDM of type X [23] . The yellow region is allowed by τ → µνν using the HFAG result for m H = 30 GeV and m A = 200 GeV, while the (darker) blue one is the allowed region using the PDG result. The red, orange, green, and magenta bands correspond to the allowed regions by R(D ( * ) ) for different values of u 32 . The gray region is excluded by Z → ττ and τ → eνν. For m H m A the allowed regions from τ → µνν would be slightly larger.
can account for B → Dτν and B → D * τν simultaneously, respecting the constraints from all other observables, if the coupling of a right-handed charm to the third generation quark doublet ( u 32 ) is large [23, 26] . Here, two variants are phenomenologically possible: in the limit of vanishing non-standard couplings, the type III model could reduce either to type II (like the MSSM at tree-level) or type X (leptospecific). While the low energy constraints on the type II model are quite stringent (see left plot in Fig. 1 ) and it is also challenged by A → ττ searches [27] , the type X model is only weakly constrained (see for example Ref. [28] for a review). Therefore, we will focus on the type X model as a solution [23] which has also the advantage of providing a possible explanation for the anomalous magnetic moment of the muon [29] [30] [31] and τ → µνν. In the right plot in Fig. 1 we show which regions in parameter space can account for the experimental data. As usual, tan β is the ratio of the two vacuum expectation values and m H (m A ) refer to the additional neu- Alternative explanations involve leptoquarks [32] [33] [34] [35] [36] [37] or R-parity violating SUSY [38] .
Anomalies in
A rather large contribution to operator (sγ α P L b)(µγ α µ), as preferred by the model independent fit [13, 14] , can be achieved in models containing a heavy Z gauge boson (see Refs. [39, 40] for early attempts to explain this anomaly). If one aims at explaining R(K) as well, a contribution to C µµ 9 involving muons, but not to C ee 9 with electrons is necessary [41] [42] [43] . This is naturally the case in models with gauged muon minus tauon number (L µ − L τ ) [40, 44, 45] 1 . Alternative explanations are again models with leptoquarks [34, 36, 37, [55] [56] [57] .
In Z models the couplings to quarks can be written generically as
where g is the new U (1) gauge coupling constant. Unavoidable tree-level contributions to B s − B s are generated which constrain the coupling to muons to be much larger than the one tosb. In the left plot in Fig. 3 1 Z bosons with the desired couplings can also be obtained in other Z models [46] [47] [48] [49] [50] [51] . For an extensive analysis of Z models prior to the apparence of the anomalies see for example [52] [53] [54] . 
h → τµ
Lepton flavour violating couplings of the SM Higgs are induced by a single operator up to dim-6. Considering only this operator Br[h → µτ] can be up to 10% [58, 59] . However, it is in general difficult to get dominant contributions to this operator in a UV complete model, as for example in models with vector-like leptons [60] or leptoquarks [61, 62] . Therefore, among the several attempts to explain this h → µτ observation, most of them are relying on models with extended Higgs sectors [61, 63] . One particularly elegant solution employs a two-Higgs-doublet model (2HDM) with gauged L µ − L τ [64] .
Simultaneous explanation of b → sµµ
and h → τµ and predictions for τ → 3µ
In [44, 45] two models with gauged L µ −L τ symmetry were presented which can explain h → τµ simultaneously with the anomalies in b → sµµ data (including R(K)) giving rise to interesting correlated effects in τ → 3µ. While in both models the Z couplings to leptons originate from a gauged L µ − L τ symmetry, the coupling to quarks is either generated effectively via heavy vector-like quarks charged under L µ − L τ or directly by assigning horizontal changes to baryons 2 .
2 Higgs doublets with vector-like quarks
In a 2HDM with a gauged U(1) L µ −L τ symmetry [64] , L µ − L τ is broken spontaneously by the vacuum expectation value of a scalar Φ (being singlet under the SM gauge group) with Q
Two Higgs doublets are introduced which break the electroweak symmetry:
Therefore, Ψ 2 gives masses to quarks and leptons while Ψ 1 couples only offdiagonally to τµ:
Here Q ( ) is the left-handed quark (lepton) doublet, u (e) is the right-handed up-quark (charged-lepton) and d the right-handed down quark while i and f label the three generations and the tilde signals charge conjugation. The scalar potential is the one of a U(1)-invariant 2HDM [28] with additional couplings to the SM-singlet Φ. We defined as usual tan β = Ψ 2 / Ψ 1 and α is the mixing angle between the neutral CP-even components of Ψ 1 and Ψ 2 (see for example [28] 
It is this τ-µ element that leads to the LFV couplings of h and Z . The mass basis for the charged leptons is obtained by rotating (µ R , τ R ) and (µ L , τ L ) with the angles θ R and θ L . A non-vanishing angle θ R not only gives rise to the LFV decay h → µτ due to the coupling
in the Lagrangian, but also leads to off-diagonal Z couplings to right-handed leptons
while the left-handed couplings are to a good approximation flavour conserving. In order to explain the observed anomalies in the B meson decays, a coupling of the Z to quarks is required as well, not inherently part of L µ − L τ models (aside from the kinetic Z-Z mixing, which is assumed to be small). Following Ref. [40] , effective couplings of quarks to the Z are generated by heavy vectorlike quarks [66] charged under L µ − L τ . As a result, the couplings of the Z to quarks are in principle free parameters. In the limit of decoupled vector-like quarks with the quantum numbers of right-handed quarks, only C 9 is generated, giving a very good fit to data. The results are shown in the right plot of Fig. 3 depicting that for small values of Γ L sb and θ R , b → sµ + µ − data can be explained without violating bounds from B s − B s mixing or τ → 3µ. In the left plot of Fig. 4 the correlations of b → sµ + µ − and h → τµ with τ → 3µ are shown, depicting that consistency with τ → 3µ requires large values of tan β (not being in conflict with any data as the decoupling limit (i.e. ξ τµ = 0) is a type I model) and future searches for τ → 3µ are promising to yield positive results.
Horizontal charges for quarks
In order to avoid the introduction of vector-like quarks, one can introduce flavour-dependent charges to quarks as well [45] . Here, the first two generations should have the same charges in order to avoid very large effects in K-K or D-D mixing, generated otherwise unavoidably due to the breaking of the symmetry necessary to generate the measured Cabibbo angle of the CKM matrix. If we require in addition the absence of anomalies, we arrive at the following charge assignment for baryons Q (B) = (−a, −a, 2a). Here a ∈ Q is a free model parameter with important phenomenological implications. In this model, at least one additional Higgs doublet which breaks the flavour symmetry in the quark sector is required, and one more is needed if one attempts to explain h → τµ. In case the mixing among the doublets is small, the correlations among h → τµ, b → sµ + µ − and τ → 3µ are the same is in the model with vector-like quarks discussed in the last subsection and shown in the left plot of Fig. 4 . The low-energy phenomenology is rather similar to the one of the model with vector like quarks considered in the last section, but the contributions to B s − B s mixing are directly correlated to B d − B d and K − K mixing as all flavour violation is due to CKM factor. However, concerning direct LHC searches, the implications are very different, as the Z boson can be directly produced on-shell as a resonance in pp collisions since it couples to quarks of the first generation. The resulting strong bounds are shown in right plot of Fig. 4 where they are compared to the allowed regions from B s − B s mixing and b → sµ + µ − data for different values of a. 
Effective Operators
A scenario with left-handed currents only gives a good fit to b → sµ + µ − data [13, 14] . In such a scenario S U(2) L relations are necessarily present and connect charged to neutral currents. These relations are automatically taken into account once gauge invariant operators are considered. There are only two left-handed 4-fermion operators in the effective Lagrangian
where Λ is the scale of NP, which can contribute to b → s transitions at tree-level [68, 69] :
Here L is the lepton doublet, Q the quark doublet and the flavour indices are not explicitly shown. Writing these operators in terms of their S U(2) L components (i.e. upquarks, down-quarks, charged leptons and neutrinos) we find for the terms relevant for the processes discussed in the last section (before EW symmetry breaking)
where C (1, 3) i jkl are the dimensionless coefficients of the operators of Eq. (10). After EW symmetry breaking the following redefinitions of the fields are performed in order to render the mass matrices diagonal where λ (1, 3) are overall constants, we finally obtain
for the Wilson coefficients relevant for b → sµ + µ − , B → K ( * ) νν and B → D ( * ) τν respectively. Note that in the limit C (1) = C (3) the contribution to B → K ( * ) νν vanishes. We will focus in the following on scenarios with third generation couplings in the EW basis only, which correspond to a general rank 1 matrix in the mass eigenbasis, as suggested in Ref. [70, 71] . In other words we have
Taking into account only rotations among the second and third generation one finds Right: Limits on→ Z → µµ from ATLAS [67] (black, allowed region down right) and the 2σ limits on C µµ 9 to accommodate b → sµ + µ − data (red, allowed regions inside the cone). Solid (dashed) lines are for a = 1/2 (a = 1/3). For a = 1/2, the green shaded region is allowed (similar for a = 1/3 using the dashed bounds). Note that a rotation sin(α sb ) V cb would require finetuning with the up sector in order to obtain the correct CKM matrix.
EPJ Web of Conferences

Q (1)
q operator
In this case we have neutral currents only. As a consequence, there is obviously no effect in R(D ( * ) ), but b → sµ + µ − is directly correlated to B → K ( * ) νν depending on the angle α µτ . Note that a change in α sb can be compensated by a change in λ (1) and therefore does not affect the correlations among B → K ( * ) νν and b → sµ + µ − transitions. In Fig. 5 the regions favoured by b → sµ + µ − (blue) and allowed by B → Kνν (yellow) are shown together with contour lines for B → K * τµ in units of 10 −6 . Note that B → Kνν rules out branching ratios for B → K * τµ above approximately 1 × 10 −6 and that the constraint from B → Kνν, being inclusive in the neutrino flavours, is independent of α µτ .
Q (3)
Here we have also charged currents that are related to the neutral current processes via CKM rotations. In Fig. 6 the regions allowed by B → Kνν (yellow) and giving a good fit to data for b → sµ + µ − (blue) and (at the 2 σ level) for B → D * τν (red) are shown for different values of λ (3) . Note that b → sµ + µ − data can be explained simultaneously with R(D ( * ) ) for negative O(1) values of λ (3) without violating the bounds from B → Kνν. Again, in the regions compatible with all experimental constraints, the branching ratios of LFV B decays to τµ final states can only be up to ≈ 10 −6 .
Q
(1)
q and Q
q with λ (1) = λ (3) In this case the phenomenology is then rather similar to the case of C (3) only. The major differences are that, as already mentioned before, the bounds from B → Kνν are evaded and the relative contribution to b → sµµ compared to R(D ( * ) ) is a factor of 2 larger. Again R(D ( * ) ) rules out very large branching ratios for lepton flavour violating B decays in the regions compatible with b → sµ + µ − data. Note that the MFV-like ansatz [34] with additional flavour rotations phenomenologically only slightly differs from the ansatz with third generation couplings.
UV completions
Let us briefly discuss UV completions which can give the desired coupling structure 3 . As discussed previously, the 4-Fermi operator Q q [34] . With the assumption of the third generation coupling, the relative size of the effective couplings λ (1, 3) and the signs are determined as VB(1,3,0) : λ (3) both positive and negative,
SLQ(3,3,−1/3) :
VLQ(3,1,2/3) :
VLQ(3,3,2/3) :
The coefficient C i j 9 is proportional to λ (1) + λ (3) and a negative value is favoured by R(K). Therefore, the scalar leptoquark is rejected as a candidate. To explain R(D ( * ) ) simultaneously, λ (3) itself must also be negative. This condition excludes the triplet vector leptoquark. If the experimental results are explained by the operator Q (3) q under the assumption of third generation coupling only, the possible mediators are the triplet vector boson or the singlet vector leptoquark. According to the analysis of the previous section, a good fit to flavour data requires a mediator mass of O(1) TeV. This opens interesting prospects for the LHC, especially in the case of leptoquarks that can be produced in proton-proton collisions via colour interactions and would decay to one lepton (τ or more interestingly µ) and one jet (possibly a b-jet). 3 While we focus on leptoquarks here, also massive vectors in the triplet representation of S U(2) are a possible UV completion [72] .
Lepton flavour violating B decays
As lepton flavour universality is violated in R(K) and B → D ( * ) τν, and h → τµ even violates lepton flavour, it is interesting to examine the possibility of observing lepton flavour violating B decays [70] . Already from the EFT analysis of the last section it is clear that once gauge invariance is emplyed, LFV B decys cannot be very large if one aims at addressing R(K) and R(D ( * ) ) simultaneously. In Z models the additional constraints from τ → 3µ etc. arise. Furthermore, in the UV complete model of Refs. [44, 45] the branching ratios for LFV B decays are tiny, in general these processes are proportional to Γ µτ Γ sb and can be large in the presence of sizable flavour violation in the quark and in the lepton sector. Here we review B → K ( * ) τ ± µ ∓ and B s → τ ± µ ∓ in Z models with generic couplings to fermions [73] . Γ L sb can only be large if there are cancellations originating from Γ R sb having the same sign but being much smaller. Therefore, the branching ratios for LFV B decays are bounded by fine tuning together with τ → 3µ and τ → µνν limiting Γ µτ . As a result, we find in a scenario in which NP contributions to C 9 only are generated
Br B s → τ ± µ ∓ ≤ 2.1 × 10
where X B s measures the degree of fine tuning in the B s system. Note that these limits are obtained for Γ µµ = 0 (which corresponds to C µµ 9 = 0) and are even stronger for non-vanishing values of Γ µµ . For µe final states the possible branching ratios are much smaller due to the stringent constraints from µ → eγ and µ → eνν.
Conclusion
In these proceedings we reviewed the impact of the indirect hint for physics beyond the SM in the flavour sector obtained by BABAR, LHCb, CMS and ATLAS on models of NP. We focused on models with Z bosons and/or additional Higgs doublets but also briefly discussed leptoquarks. While a prime candidate for the explanation of the anomalous b → sµ + µ − data is a Z boson, h → τµ as well as B → D ( * ) τν can be most naturally explained by an extended scalar sector. Interestingly, models with gauged L µ − L τ can explain b → sµ + µ − data and h → τµ simultaneously, predicting sizable branching ratios of τ → 3µ, potentially observable in future experiments. A simultaneous explanation of b → sµ + µ − data and b → cτµ data is possible in the EFT approach with third generation couplings for which a vector leptoquark could be a UV completion 4 . While the UV complete models [44, 45] predict tiny branching ratios for LFV B decays, these decays can have sizable branching fractions for τµ final states in models with thrid generation couplings and in generic Z models in the presence of significant fine-tuning in the B s − B s system.
